The FDA requires an accurate determination of the dose and potency of tissue engineered or combinational products as is required for drugs. This needs to be done as a rapid, quantitative and non-invasive measurement of biological function/activity in a way as not to perturb the tissue engineered product being developed.
INTRODUCTION
As technology advances in the field of regenerative medicine, new cell-based devices, such as our recently developed human oral mucosa, an ex vivo produced oral mucosa equivalent (EVPOME) 1, 2 , as well as stem cell-based therapies, will create a need to generate new tools and standards for the development of safe and effective tissue engineered products. In addition, these cell-based devices, classified by the Food and Drug Administration (FDA) as combination products, are required to comply with the regulatory requirements of demonstrating and monitoring the product's "dose and potency" during manufacturing of the cell therapy product. Dose and potency appear to be representative of cell viability and relevant biological function/activity of the EVPOME, (http://www.fda.gov/cber/summaries.htm) which provides a quantitative measurement of product quality. Moreover, for the final product, a rapid, sensitive and reliable release test including sterility tests needs to be done.
However, it is challenging to provide those conditions for tissue engineered products in comparison to drugs. 1 Our previous human clinical trial with the EVPOME did not utilize any release criteria. 2 Instead, the assessment of the transplanted graft was done retrospectively through histological evaluation of a manufactured companion EVPOME. According to those histological findings, a parallel manufactured EVPOME or a "representative" biopsy of EVPOME may not be indicative of the true status of the cellular component of the EVPOME that will be grafted into subjects. Although conventional histological examination can provide the final analysis of the graft, it is an invasive/destructive method. The "representative" biopsy is not only invasive but does not indicate the variations that can be seen in different manufactured EVPOMEs. The tests for an EVPOME cell-based device needs to be noninvasive so as not to destroy any of the EVPOME grafts for a clinical use prior to release and the results obtained in real time. It is thus essential that in order to determine and assure the quality of EVPOME prior to grafting, an immediate and non-invasive assay to determine the biological activity of EVPOME as well as the viable cell number should be developed. In an attempt to comply with FDA regulatory guidelines, in an ongoing clinical trial with EVPOME, glucose consumption rate in the tissue culture medium has been used as a release criterion. 1 In order to be certain that the graft will function as anticipated, product specific assays will be necessary. One such means would be to assess the release of a constitutively produced cytokine.
To determine potential cytokine(s) for enabling quantitative measurement that characterizes EVPOME quality we investigated interleukin (IL)-1α, IL-6, IL-8 and vascular endothelial growth factor (VEGF) release because of the impact of these cytokines on wound healing of a free tissue graft. Oral mucosa keratinocytes are the major source of IL-1α 3 , which is an inflammatory cytokine and a regulator of IL-6 and IL-8 expressions. Epithelium derived IL-6 and IL-8 play multi-functional roles in keratinocyte proliferation, the host defense system as well as angiogenesis. 4, 5, 6 Several studies have shown that unstimulated oral keratinocytes can constitutively secrete cytokines. 7, 8 One such cytokine is vascular endothelial growth factor (VEGF). VEGF is a potent mitogen for endothelial cells in vitro and shows angiogenic properties in vivo. 9,10 VEGF produced by keratinocytes has been shown to play important roles in wound healing, 11, 12, 13 and is known to be constitutively secreted from keratinocytes in monolayer cultures. In addition VEGF is elevated in their activated phenotype, 14 implying the capacity of VEGF production may be associated with the proliferating status of cells.
The aim of this study was to use an ELISA assay to measure levels of extracellularly constitutively secreted IL-1α, IL-6, IL-8 and VEGF into the culture medium from unstimulated monolayer culture of oral keratinocytes as well as from unstimulated oral keratinocytes within an EVPOME. In addition, we correlated the screened cytokine(s) release level with the number of viable keratinocytes as determined by a MTT assay. This allowed us to use constitutive secretion of cytokines into the tissue culture medium as a real time non-invasive assessment for viability and biological function/activity of EVPOME grafts and as an additional release criterion, to glucose consumption, prior to grafting into humans.
MATERIALS AND METHODS
Primary oral keratinocyte culture and manufacture of EVPOME Cultures of human oral mucosal keratinocytes and the fabrication of EVPOME in a serum-free culture system without a feeder layer or pituitary extract have been previously described. 1 Briefly, keratinized oral mucosa tissue was obtained from patients who have had dental tooth extractions or elective maxillofacial surgeries under an approved protocol by the institutional review board of the University of Michigan. The oral mucosa was incubated in 0.04% trypsin solution (Sigma, St. Louis, MO) overnight at room temperature, followed by neutralization with defined trypsin-inhibitor (Cascade Biologics, Portland, OR). Oral keratinocytes were then dissociated and cells amplified in a serum-free, chemically defined medium, EpiLife supplemented with EDGS (Cascade Biologics, Portland) containing 0.06mM Ca 2+ , 0.375μg/ ml amphotericin B and 25 μg/ml Gentamycin (GIBCO/Invitrogen, Carlsbad, CA). For serial culture, primary oral keratinocytes were harvested by trypsin-EDTA (Cascade Biologics). Oral keratinocytes of passage number one or two were seeded, at a density of 1.5×10 5 per 1 cm 2 of circular AlloDerm ® (LifeCell Corp., Branchburgh, NJ), a well size of 48 well-plate, pre-coated with human type IV collagen (Sigma-Aldrich, St. Louis, MO). The oral keratinocyteAlloDerm ® composites were cultured submerged for the first four days with an increase in calcium concentration to 1.2mM and then transferred to an air-liquid interface for an additional 7 days, which is referred to as Day 11 EVPOME.
Measurement of constitutive cytokine (IL-1α, IL-6, IL-8, VEGF) secretion from unstimulated oral keratinocyte monolayer cultures and Day 11 EVPOME
A total of 3×10 4 oral mucosa keratinocytes of passage number one or two were plated in each well of 24 well-plates (N=12 or 6 (IL-6)) and allowed to attach overnight. When reached at 60-70% confluency, cell-free supernatant was collected at an interval of 24 hours of medium change. The conditioned media from three pieces of Day 11 EVPOME (N=6 or 3 (IL-6)) were also collected at an interval of 24 hours of medium change and stored at −70° C. All samples were done at the same time with an ELISA assay. ELISA assays were performed using the Quantikine immunoassay kits (IL-1α, IL-6, IL-8 and VEGF: R&D system, Minneapolis, MN, USA) according to the manufacture's instructions. Briefly, 200μl of conditioned medium, controls or standards were added on each well coated with a mouse monoclonal antibodies. After 2h of incubation, wells were washed and incubated with horseradish peroxidase-linked polyclonal antibodies. Following another wash, a substrate solution was added to wells. The optical density value was read on an ELISA reader with absorbance wavelength of 450nm. The concentrations of those cytokines were determined by the standard curve. One sample was measured in triplicate.
For the further correlation study, cells were used for either manufacturing EVPOMEs or for use in the MTT assay. EVPOME harvested at 4, 7, 11 days was cut into quarters. One quarter piece was fixed with 10% formalin, embedded in paraffin, then 5μm sections were stained with hematoxylin and eosin. The other three were used for the following MTT analysis.
MTT assay
Concurrent with EVPOME manufacturing, the harvested cells (twenty different samples or subjects) were seeded into a 48-well plate to make an individual calibration curve by the MTT assay, based on the cleavage of tetrazolium salt (MTT) to formazan crystals by metabolically active cells. Various numbers of cells (1×10 4 , 2×10 4 , 4×10 4 , 6×10 4 ) were plated in each well of 200μl/well and cultured at 37°C in a humidified 5% CO 2 incubator overnight. 20μl of MTT (Roche Molecular Biochemicals, IN) was added to each well (final concentration 0.5mg/ml), and plates were incubated at 37°C for 4h. Finally, 200μl of acidified isopropanol (0.04 N HCl in isopropanol) was added to all wells to dissolve the purple crystals. The solutions were retrieved and read within 30 min using a microtiter plate reader (Labsystems, Franklin, MA). The measure wavelength was 570nm, and then the best fit line (standard regression line) was constructed by regression analysis between the plated cell numbers and absorbance optical density values.
A modified MTT assay was performed to extrapolate the number of viable cells present within the EVPOMEs, based on the 48-well plate monolayer culture (N=20). One quarter piece of Day 4, 7, 11 EVPOME was immersed in 100μl medium with 10μl MTT at 37°C for 4h, the crystals were dissolved and the optical density value was determined as previously described. Two quarter pieces were tested and the mean optical density value of a quarter piece of EVPOME was calculated. From the optical density values obtained from the modified MTT assay and MTT assay in monolayer culture, the viable number of cells within the EVPOME extrapolated from the standard line of the monolayer culture.
Frozen section from the last quarter piece of EVPOME was examined to observe the formation of MTT formazan crystals in the EVPOME to detect viable cell localization in five samples. After the EVPOME pieces were reacted with MTT mentioned above, they were frozen in OCT compounds (Sakura Finetek, CA, USA) on dry ice and then cut into 8μm sections, no stains were performed.
VEGF release level at day 4, 7, 11 EVPOME
One piece of EVPOME was cultured in one culture insert in this measurement. 1 ml conditioned culture medium of day 4, 7, 11 EVPOME was harvested with an interval of 24 hours. The measurement protocol by ELISA was above mentioned. The VEGF concentrations (pg/mL) were multiplied by either volume of the submerged culture (1.2mL, Day 4) and an air-liquid interface (8.3mL, Days 7 and 11) due to the difference in the culture vessel volume.
In situ hybridization (ISH)
Digoxigenin (DIG)-labelled ISH was performed using the method in our laboratory, as described previously. 15 In brief, Day 11 EVPOME sections were prepared and fixed in 4% paraformaldehyde in PBS, followed by treatment with Tris-HCl and digestion with proteinase K. The tissues were hybridized overnight. After hybridization, signals were visualized with anti-DIG-alkaline phoshatase antibody and 5-bromo-4-chloro-3-indolyl-phosphate as a substrate, using a Nucleic Acid detection kit (Roche Molecular Biochemicals), as described previously.
Statistical analyses
Results were expressed as mean ± S.D., with n referring to the number of experiments. Repeated-measures one-way ANOVA were applied to determine the differences among means of each group. A linear regression analysis was made to reveal the correlation between VEGF release level and the viability of EVPOME. A value of p< 0.05 was considered significant.
RESULTS

Baseline cytokine (IL-1α, IL-6, IL-8, VEGF) release level from oral keratinocyte monolayer culture and Day 11 EVPOME and screening
The cytokine levels in the conditioned media are shown in Table 1 . All cytokines measured for screening were constitutively produced by cultured oral keratinocytes in a 2D monolayer as well as a 3D EVPOME. Although their baseline release showed different patterns, the cytokine release levels from the 3D EVPOME dropped. IL-1α production level was low in both monolayer culture and EVPOME. IL-6 produced was very a little from EVPOME. In contrast, oral keratinocytes in monolayer and Day 11 EVPOME secreted a larger amount of IL-8 and VEGF. However, IL-8 release level decreased markedly from the 2D monolayer to the 3D EVPOME when compared to VEGF release levels.
Since this study attempted to investigate "dose and potency", we concentrated on the secretion of only VEGF into the culture medium from the 3D organotypic cultures because VEGF had the highest secretion levels of all four cytokines.
Development of individual calibration curves
In this investigation we utilized primary oral keratinocytes from twenty donors. This required the development of individualized calibration curves for each MTT assay from a monolayer of primary oral keratinocyte that was used to determine the cell viability of our cells grown in a 3D organotypic culture system, an EVPOME. A representative MTT assay correlated to viability of cells grown in a monolayer is shown in Figure 1 . One notes in Figure 1a the presence of MTT formazan crystals within metabolic active cells while non-active cells were devoid of these crystals. Figure 1b illustrates the direct correlation of cell viability/number of cells in a monolayer culture with optical density as measured spectrometrically. A linear relationship between optical densities and the cell numbers plated at the cell values of 1×10 4 , 2×10 4 , 4×10 4 , 6×10 4 was consistently observed when the individual calibration curves were made (r 2 of the curves ranged from 0.963 to 0.996).
Manufacture of the EVPOME
A monolayer of cells was present at day 4 when the EVPOMEs are grown submerged (Fig 2a) . Once the EVPOME is raised to an air-liquid interface, the cells started stratification with a number of layers directly correlated to number of days in culture (Fig 2b, c) . At day 11 a wellstratified epithelial layer with the presence of parakeratinization was evident (Fig 2c) .
Number of Viable Cells on an EVPOME
The number of viable oral keratinocytes was calculated by performing a modified MTT assay on an EVPOME at several stages of fabrication; days 4, 7 and 11. All of the formazan crystal positive cells were localized to the basal layer and suprabasal layer (underlies keratinized layer) as seen in a day 11 EVPOME (Fig 3a) . The viable number of cells on an EVPOME was extrapolated from the calibration curve developed from the same population of cells grown in a monolayer. Differences in viability were observed during the three stages of development of the EVPOME (day 4, 7, 11). The number of viable cells on the EVPOME consistently increased over days in culture, in a time-dependent manner (p< 0.01) (Fig 3b) as was anticipated as the suprabasal cell layers increased in number secondary to stratification. The mean extrapolated viable cell numbers at the three stages of EVPOME (0.25cm 2 ) were (16.74 ±4.44) × 10 3 , (32.45 ±5.95) × 10 3 and (43.64 ±8.99) × 10 3 at day 4, day 7 and day 11, respectively. A repeatedmeasure one-way ANOVA and the Tukey post-hoc test were used to compare differences among these three groups. Significant differences between each two groups were observed (p< 0.001, n =20).
Release level of VEGF from three different stages of 3D EVPOME
We observed a significant difference in VEGF release into the supernatant over days in culture (Fig 4) . At day 11, the mean VEGF release level was the highest (719.7 ±119.7 pg) comparing with day 7 (608.9 ±83.31 pg) and day 4 (395.2 ±61.14 pg) (p< 0.001). A repeated-measure one-way ANOVA and the Tukey post-hoc test showed significant differences between the three stages of EVPOME development (p< 0.001, n =20).
Correlation between viability and VEGF release by EVPOME
A linear regression analysis was performed to correlate the amount of constitutive release of VEGF to the stage of EVPOME development, and number of viable cells on the EVPOME. A positive correlation was seen between the viable cells numbers in the EVPOME and the amount of VEGF released into the supernatant with a correlation coefficient of 0.743 and a p< 0.001 with a sample size of 20 (Fig 5) .
In situ hybridization (ISH) of Day 11 EVPOME
To confirm that VEGF mRNA expression pattern in EVPOME is consistent with the viable cell localization by the modified MTT assay (Fig 3a) , a day 11 EVPOME was examined by ISH. The entire basal and parabasal cells of Day 11 EVPOME expressed VEGF mRNA (Fig  6a) . In contrast, the upper most keratinized layer lacked the expression of VEGF mRNA. VEGF sense probe showed no specific signals for VEGF mRNA (Fig 6b) .
DISCUSSION
At present EVPOMEs are evaluated by the glucose consumption/utilization assay in the conditioned culture medium prior to release of the EVPOME for intraoral grafting for quality assurance. 1 This assay is indicative of the metabolic activity of the cellular component of the EVPOME, thus, indirectly correlating with cell viability. 16 It is a simple, rapid and practical method for screening the metabolic activity of EVPOME; however this method is limited in its reflection of the biological function/activity of the viable cells on the EVPOME. It was also noted that the histological analysis of companion grafts, manufactured in parallel, showed that the thickness of the epithelial layer of EVPOMEs varied among different individuals as well as among the specimens obtained from the same pool of identical autogenous oral keratinocytes. Therefore the histological assessment of a parallel manufactured graft or "biopsy" of the EVPOME taken from the periphery of the construct may not indicate the actual or overall status of the EVPOME that will be grafted into subjects. To meet the FDA requirements of demonstrating the graft's "dose and potency", noninvasive and quantitative methods to measure viability and biological activity are needed. In addition, many studies emphasized the importance of using multiple approaches to assess cell viability to avoid the bias in a single assay system. 17, 18 One of the means of assessing both cellular activity and biological function is through proteomics. Epidermis has been identified as not only a barrier tissue but also a secretory tissue. 19 Thus, there are several cytokines that can be utilized as oral keratinocyte biomarkers. Protein biomarker detection can provide more accurate biological information of the culture products 20 and, therefore, might be a more effective and efficient approach to assess and predict the biologic activity of the EVPOME. The appropriate candidate biomarkers should be constitutively produced by keratinocytes as it is important to not introduce any inducible substances that might perturb the manufacturing process. In addition they should be released extracellularly to assist in their easy detection as well as play an important functional role in the successful engraftment of the EVPOME, such as, in wound healing where they could also be prognostic indicators of graft success in situ. Most importantly, these assays should be non-invasive/non-destructive in nature so as not to compromise the cell-based device to be grafted into subjects.
To screen potential biomarkers, the cytokine release levels from Day 11 EVPOME showed that all cytokines appeared to be constitutively produced without any stimulation. However, it appeared IL-6 is infeasible due to the trace amount. Compared with the release levels in monolayer culture in which the majority of cells are viable, IL-8 production from Day 11 EVPOME in which viable and non-viable cells are present decreased more than that of IL-1α and VEGF. Using living skin equivalents, two studies showed IL-8 immunoreaction in the epithelial layer was attenuated as days lapsed. 21, 22 The production level of IL-1α was much lower than that of VEGF. Dekker reported IL-1α immunostaining in the epithelial layer of skin equivalent was diffuse and weak, and expressed in only the upper suprabasal layers. 23 This is consistent with the low amount of IL-1α released in this study. The expression pattern of IL-1α and IL-8 might not be consistent with the viable cell localization in the tissue-engineered product. In contrast, VEGF secretion did not decrease as much as interleukins from EVPOME. Our previous study demonstrated the soluble VEGF molecules were intensely immunostained in basal and suprabasal layers in EVPOME. 15 Thus, VEGF was chosen as a cytokine biomarker, and its relationship between the metabolic activity of EVPOME by MTT assay and the release level quantitatively was measured over different days in culture.
Our major objective for assessing cell viability on the EVPOME is to determine its metabolic activity which will give us a sense of its self-renewal capacity and ability to survive grafting. A MTT assay has been shown to be a useful tool to assess cell viability, is sensitive to the cellular metabolic activity 24 and has shown efficacy when applied to a three-dimensional cultured human skin model. 25, 26 In our study, the viable cell number of EVPOME was extrapolated from the individual calibration curves of the companion monolayer keratinocytes culture by the MTT assay. Individualized calibration curves for the MTT assay showed a direct correlation between optical densities and cell numbers in monolayer cultures using companion cells. Thus, it appears that the modified MTT assay data was able to detect the number of viable cells present in the EVPOME at day 4, 7 and 11. The Day 11 EVPOME frozen section showed that the majority of MTT reaction products were present in the basal and suprabasal layers in which viable cells are located. This was consistent with the VEGF expression pattern in Day 11 EVPOME found at both mRNA and protein levels. 15 It is thus likely that the oral keratinocytes in basal and suprabasal layers within the EVPOME are the viable cells that also secret VEGF. Since mitosis has been present in the basal layer of normal epithelium giving rise to daughter cells that move upward and differentiate to form the keratinized layer, 27 this suggested tissue renewal and differentiation seen within the EVPOME is similar to that in native oral mucosa.
In EVPOME, a statistically significant positive correlation was present between the number of viable cells and VEGF levels detected in culture medium (r=0.743, p<0.001) indicating that the VEGF level secreted from EVPOME directly correlated with the extrapolated keratinocyte viability in EVPOME. It is thus possible that VEGF levels in the culture medium measured by ELISA can be used as a biomarker to monitor the number of metabolically active cells in an EVPOME and as an additional release criterion. This method would allow us to monitor and measure "dose and potency" of EVPOME efficiently, rapidly and non-invasively during its manufacture process prior to grafting.
The correlation determination (r 2 =0.553) means that 55.3% of the secreted VEGF data is accounted for by the linear relationship. This modest result might be due to the variation of the thickness of the viable cell layers among individuals and/or different ratios of VEGF isoforms, soluble vs insoluble, produced by the oral keratinocytes. 28 To improve the non-invasive assessment of the EVPOME with biomakers, additional biomarkers released constitutively and extracellularly without any stimulation should be utilized in conjunction with VEGF to enhance accuracy.
Another potential marker is human beta defensin 1 (hBD-1), an innate antimicrobial peptide that is constitutively produced by oral keratinocytes who can also secrete hBD-2 and hBD-3 after stimulation. 29 We have shown that surface enhanced laser desorption/ionization (SELDI) technology can detect different protein profiles of supernatant at different stages of fabrication of EVPOMEs (unpublished data). On the gel protein profile, proteins that contain hBD1 (5068 Da) were visualized and increased once EVPOME was cultured at an air-liquid interface. Although SELDI is appealing, the current feasibility is limited because this is a semiquantitative assay, and the protein identity needs to be confirmed by using specific immunoaffinity capture on ProteinChip Arrays. Another potential biomarker would be measuring apoptosis markers such as caspase 3/7 that could be an inverted cell "viability" assay. However, this is an invasive analysis. In addition, although measuring lactate dehydrogenase (LDH) release into supernatant is a non-invasive assay, this is not beneficial since it is indicative of cell death not viability. In the future, by measuring multiple biomarkers and/or multiplex assays, one could develop a more practical and feasible non-invasive technique to predict post-grafting results of EVPOME grafts accurately and to facilitate the criteria for quality control and assurance and the release testing of the cell-based combination device.
In conclusion, we demonstrated that both the number of viable cells and the secreted amount of VEGF increased during the manufacturing process of an EVPOME which is a tissue engineered cell-based device. In addition, a positive relationship between VEGF production and the number of viable cells was present. Our results suggest that the release level of VEGF could be useful as a biomarker suitable to validate the quality of the cellular component of the EVPOME and reflect "dose and potency" of the product. Further studies with more individuals and with other constitutively released biomarkers are necessary. Detection of cell viability on the EVPOME using a MTT assay. (a) Formazon crystals (arrows) from the MTT assay are visible and localized in the basal and suprabasal layer cells of a Day 11 EVPOME. (Frozen section, Scale bar=50um; Original magnification; × 200) (b) An increase in numbers of viable cells within the EVPOME is detected as the culturing period (day 4, 7 and 11) and increase in stratification of the epithelial layer occurs. A repeated-measure oneway ANOVA and the Tukey post-hoc test were used to compare differences among these three groups. Significant differences between each two groups were observed (*, p< 0.001, n =20). Time-dependent release of VEGF by oral keratinocytes on the EVPOME. A repeated-measure one-way ANOVA and the Tukey post-hoc test were used to compare differences among these three groups. Significant differences between each two groups were observed (*, p< 0.001, n =20). Significant correlation was observed between cell viability, days in culture and VEGF release into the culture medium. Correlation coefficient was 0.743 (p< 0.001). In situ hybridization of Day 11 EVPOME. (a) anti-sense probe: Note VEGF mRNA expression is localized in basal and parabasal cell layers. The uppermost keratinized layer lacked any expression of VEGF mRNA. (b) sense probe: As a negative control, hybridization with the VEGF sense probe does not show any signal. (Scale bar = 50um; Original magnification; x400)
